Abstract: Public transit buses, which move more than 5 billion passengers annually in the United States (U.S.), can contribute substantially to the environmental health burden through emitted air pollutants. As a leader in transforming to cleaner bus fleets, the Regional Transport Commission of Southern Nevada (RTC) has been transitioning from diesel to compressed natural gas (CNG) transit buses since 1999. By 2017,~75% of RTC's buses operating in Clark County, Nevada were CNG-powered. This study assesses the health benefits of the venture using the US Environmental Protection Agency's (EPA) Co-Benefits Risk Assessment (COBRA) model, considering the emission and exposure changes from the 2017 baseline for two hypothetical scenarios: (1) no transition (CC_D) and (2) complete transition (CC_N). The CC_D scenario shows realized health benefits, mostly due to avoided mortality, of $0.79-8.21 million per year for 2017 alone, while CC_N suggests an additional $0.88-2.24 million annually that could be achieved by completing the transition. The wide range of estimates partly reflects uncertainties in determining diesel bus emissions under business-as-usual. These health benefits were not limited locally, with~70% going to other counties. Two national-scale scenarios, US_D and US_N, were also constructed to explore the health impact of transitioning from diesel to CNG buses across the U.S. As of 2017, with CNG powering only~20% of transit bus mileages nationwide, there could be massive unrealized health benefits of $0.98-2.48 billion per year including 114-258 avoided premature deaths and >5000 avoided respiratory and cardiovascular illnesses. Taking into account the health benefits, economic costs, and the inter-state nature of air pollution, expanding federal assistances to accelerate a nationwide transition to cleaner bus fleets is highly recommended.
Introduction
According to the World Health Organization (WHO) [1] , air pollution causes more mortality and loss of disability-adjusted life years (DALYs) than any other environmental health issues globally. Motor vehicle emissions contribute substantially to urban air pollution around the world [2, 3] and have been a target for mitigation. While diesel and gasoline remain the dominant transportation fuels used today, newer technologies, such as electric, hybrid, liquefied petroleum gas (LPG), compressed natural gas (CNG), and hydrogen-powered vehicles, are shown to be cleaner options [4] . For public health and sometimes economic considerations, urban mass transportation systems such as transit buses are often the first to adopt these technologies with public investment. The health benefits of transitioning from conventional to cleaner fuels are rarely assessed when carrying out specific transition programs. However, the impact could be profound. A recent assessment by Dey et al. [5] shows that a complete Next, COBRA estimates the health risk altered by the changing PM 2.5 concentrations. In this step the prescribed dose-response curves for 12 health endpoints (i.e., adult and infant mortality, non-fatal heart attacks, respiratory-and cardiovascular-related hospitalizations, acute bronchitis, upper and lower respiratory symptoms, asthma-related emergency room visits, asthma exacerbations, minor restricted activity days, and work days lost due to illness) are used. In the final step, economic values of the health effects in 2017 dollars, with the high and low estimates, are determined by county using a discount rate of 3% or 7%. The 3% discount rate simulates a more conservative economic growth forecast and 7% simulates a more progressive forecast for the next decade.
Clark County Bus Emission Scenarios
Emission changes due to the transition of RTC buses were considered in the COBRA model. Table 1 presents the emissions from transit buses in Clark County, Nevada based on the most recent NEI data available for 2014. Including both the fixed-route and core paratransit services, RTC had 706 buses with a total vehicle mile traveled (VMT) of 31.2 million in 2014. The number of buses and VMT increased to 747 and 33.8 million, respectively, in 2017. It should be noted that all gasoline buses were upgraded to CNG buses between 2014 and 2017 [17] . Based on fuel-specific VMT, the 2014 emissions were scaled up for 2017 (Table 1) to be compatible with the COBRA 2017 baseline. The scale-up assumes the same average emission factors (EFs) between 2014 and 2017 for RTC's diesel or CNG buses. This is rationalized as new diesel buses with substantially lower emissions had not been brought into service during the three years and new CNG buses (model year 2015 or later) perform similarly to existing CNG buses (model years 2012-2014) with respect to emissions of CO, NO x , PM 2.5 , and VOC [18] . Two scenarios for Clark County (CC_D and CC_N) were constructed. The CC_D scenario assumes all the buses were diesel-fueled in 2017. It represents business as usual (BAU) without investing in the bus transition program since 1999, providing that conventional diesel buses had long been considered more cost effective than gasoline or CNG transit buses if not accounting for negative externalities [19] . On the contrary, CC_N assumes an aggressive program that completes the transition to all CNG-powered buses by 2017. Thus CC_D and CC_N attribute all 2017 VMT in Table 1 to diesel and CNG buses, respectively.
The emission increases under CC_D result from higher diesel emission factors than CNG emission factors. However, in this scenario newer diesel buses would have been utilized by RTC, yielding average EFs lower than the actual values in 2014-2017. The practical ranges of diesel bus EFs are summarized in Supplementary Materials Table S1 , from which the upper-and lower-bound emission changes for CC_D are estimated and presented in Table 2 . On the other hand, the same EFs (i.e., 2014-2017 averages) are assumed for all existing and new CNG transit buses under CC_N; the emission reductions resulting from attributing all diesel VMT to CNG are also shown in Table 2 . Table 2 served as inputs for COBRA to estimate the air quality and health effects. Finally, we aggregated the health effects from CC_D and CC_N to determine the total benefits that could be achieved by the diesel-to-CNG transition. Table S1 ). * For COBRA (Co-Benefits Risk Assessment) modeling, emission changes in CC_D and CC_N were applied to Clark County, NV, while emission changes in US_D and US_N were applied to the US 2017 emission inventory.
U.S. Bus Emission Scenarios
The average annual VMT for a RTC bus is~45,000, substantially higher than the U.S. average of 34,053 for fixed-route and 23,576 for paratransit/demand-response buses [20] . Providing that in 2017, there were 71,299 and 65,416 fixed-route and on-demand service buses, respectively, across the U.S. [6] , VMT for all the U.S. transit buses was estimated to be 3.97 billion for 2017. While the breakdown of fuel-specific VMT varied by region, for the first-order estimate, we attributed 60%, 20%, and 20% of the VMT to diesel, CNG, and gasoline, respectively, for 2017, consistent with the fuel consumption breakdown from fixed-route and demand-response buses combined [6] . Using the average EFs of Clark County 2014-2017, this VMT breakdown would estimate a total emission of 1530 tons primary PM 2.5 , 62.8 tons SO 2 , 51,500 tons NO x , 110 tons NH 3 , and 4170 tons VOC from transit buses nationwide.
Two national-scale scenarios, US_D and US_N, were explored for changes in the emissions of PM 2.5 and precursors. Like the RTC scenarios, US_D assumes that all transit buses had been powered by diesel fuel and US_N assumes them powered entirely by CNG in 2017. For US_D, changes in emissions should depend on the composition of the current, non-diesel and hypothetical, diesel bus fleets, which likely vary by state and by county. Without county-specific information, the high and low diesel EFs in Supplementary Materials Table S1 were used to estimate the range of emission changes for the U.S. as a whole. The emission reductions under US_N were estimated, like CC_N, using the same CNG EFs in Supplementary Materials Table S1 .
National emission changes under US_D and US_N are also summarized in Table 2 , based on which COBRA was run to assess the air quality health effects. All assessments include both the 3% and 7% discount rates. The county-level emission changes and health outcomes from COBRA would be more uncertain than the national results. However, this analysis helps identify regions more impacted by emission reductions.
Results
The health benefits corresponding to the four scenarios, as estimated by COBRA, are summarized in Supplementary Materials Tables S2-S7 and also compared in Figures 1 and 2 . For CC_D, the loss of health benefits ranges from $0.79 million to $8.21 million per year, mostly due to additional adult and infant mortality, non-fatal heart attacks, and minor restricted activity days associated with increased PM 2.5 exposure among all US counties. This can be viewed as the "realized" health benefits from the bus transition program, and the wide range of estimates reflects the uncertainty in the age distribution of diesel bus fleet under the BAU (no transition) scenario, as well as other uncertainties in the COBRA model. The CC_N would result in additional health benefits of $0.88-2.24 million per year. Therefore, the maximum health benefits from the RTC bus transition program (CC_D→N) is $1.67-10.5 million per year, including prevention of up to 2 premature deaths, 1 non-fatal heart attack, 7-16 asthma exacerbation events in children aged 6 to 18 years, 168-413 minor restricted activity days, and 29-70 days of lost work (Supplementary Materials Tables S2-S4 be more uncertain than the national results. However, this analysis helps identify regions more impacted by emission reductions.
The health benefits corresponding to the four scenarios, as estimated by COBRA, are summarized in Supplementary Materials Table S2 -S7 and also compared in Figures 1 and 2 . For CC_D, the loss of health benefits ranges from $0.79 million to $8.21 million per year, mostly due to additional adult and infant mortality, non-fatal heart attacks, and minor restricted activity days associated with increased PM2.5 exposure among all US counties. This can be viewed as the "realized" health benefits from the bus transition program, and the wide range of estimates reflects the uncertainty in the age distribution of diesel bus fleet under the BAU (no transition) scenario, as well as other uncertainties in the COBRA model. The CC_N would result in additional health benefits of $0.88-2.24 million per year. Therefore, the maximum health benefits from the RTC bus transition program (CC_DN) is $1.67-10.5 million per year, including prevention of up to 2 premature deaths, 1 non-fatal heart attack, 7-16 asthma exacerbation events in children aged 6 to 18 years, 168-413 minor restricted activity days, and 29-70 days of lost work (Supplementary Materials Table S2-S4). The US_D scenario shows a $0.39-1.63 billion loss of health benefits per year, while the US_N scenario would produce total health benefits ranging from $0.978 billion to $2.48 billion per year. For both scenarios the economic impact is mostly attributed to the changes in adult mortality (Supplementary Materials Table S5 -S7). When combined (US_DN), an overall health benefit of $1.37-4.11 billion per year may be achieved by transitioning all U.S. transit bus fleets from diesel to CNG. The national outcome exceeds four-hundred times that from Clark County's effort alone and avoids up to 160-428 premature deaths, saving up to 20-213 non-fatal heart attacks, 4770-5630 asthma exacerbation, 131,000-155,000 minor restricted activity days, and 22,100-26,100 days of lost work per year. This assessment also reveals that 1-3% of traffic-pollution-related premature deaths in the U.S. (15,000 per year) may be attributed to transit buses. The US_D scenario shows a $0.39-1.63 billion loss of health benefits per year, while the US_N scenario would produce total health benefits ranging from $0.978 billion to $2.48 billion per year. For both scenarios the economic impact is mostly attributed to the changes in adult mortality (Supplementary Materials Tables S5-S7 ). When combined (US_D→N), an overall health benefit of $1.37-4.11 billion per year may be achieved by transitioning all U.S. transit bus fleets from diesel to CNG. The national outcome exceeds four-hundred times that from Clark County's effort alone and avoids up to 160-428 premature deaths, saving up to 20-213 non-fatal heart attacks, 4770-5630 asthma exacerbation, 131,000-155,000 minor restricted activity days, and 22,100-26,100 days of lost work per year. This assessment also reveals that 1-3% of traffic-pollution-related premature deaths in the U.S. (15,000 per year) may be attributed to transit buses. The health benefits are not equally shared among the states and counties. Clark County could capture ~30% of the benefits, or $0.50-3.14 million per year, from reducing its transit bus emissions (i.e., CC_DN), while the remaining benefits are distributed mostly to Southern California/Arizona counties owing to their proximity and large population bases (Figure 3a) . When emission reductions occur throughout the U.S., larger metropolitan areas, such as Cook County in Illinois, Los Angeles and Orange County in California, Wayne County in Michigan, and Harris County in Texas, enjoy more health benefits than rural counties with lower populations (Figure 3b ). In the case of US_DN, Clark County's share of benefits is ~0.12% or $1.64-4.93 million per year which appears to be higher than the estimate of $0.50-3.14 million from the Clark County-only emission reductions. It suggests that Clark County can benefit substantially from emission reductions in other U.S. counties.
(a) The health benefits are not equally shared among the states and counties. Clark County could capture~30% of the benefits, or $0.50-3.14 million per year, from reducing its transit bus emissions (i.e., CC_D→N), while the remaining benefits are distributed mostly to Southern California/Arizona counties owing to their proximity and large population bases (Figure 3a) . When emission reductions occur throughout the U.S., larger metropolitan areas, such as Cook County in Illinois, Los Angeles and Orange County in California, Wayne County in Michigan, and Harris County in Texas, enjoy more health benefits than rural counties with lower populations (Figure 3b ). In the case of US_D→N, Clark County's share of benefits is~0.12% or $1.64-4.93 million per year which appears to be higher than the estimate of $0.50-3.14 million from the Clark County-only emission reductions. It suggests that Clark County can benefit substantially from emission reductions in other U.S. counties. The health benefits are not equally shared among the states and counties. Clark County could capture ~30% of the benefits, or $0.50-3.14 million per year, from reducing its transit bus emissions (i.e., CC_DN), while the remaining benefits are distributed mostly to Southern California/Arizona counties owing to their proximity and large population bases (Figure 3a) . When emission reductions occur throughout the U.S., larger metropolitan areas, such as Cook County in Illinois, Los Angeles and Orange County in California, Wayne County in Michigan, and Harris County in Texas, enjoy more health benefits than rural counties with lower populations (Figure 3b ). In the case of US_DN, Clark County's share of benefits is ~0.12% or $1.64-4.93 million per year which appears to be higher than the estimate of $0.50-3.14 million from the Clark County-only emission reductions. It suggests that Clark County can benefit substantially from emission reductions in other U.S. counties. Table S8 and S9 for data).
Discussion
Our findings (CC_D) show that the RTC's venture of switching to cleaner fuels for running its transit bus fleet has produced health benefits of $0.234-2.46 million for Clark County citizens in 2017 alone. Additional benefits of $0.266-0.677 million might have been achieved by completing the transition before 2017 (CC_N). The annual health benefits could be larger for years prior to 2017 when RTC replaced diesel buses with higher EFs than those in 2017. Assuming a bus service life of 12 years (500,000 miles) regardless of technology, Lajunen and Lipman [21] estimate a life cycle cost (LCC) of $0.815-0.875 million and $0.780-0.838 million for diesel and CNG transit buses in the US, respectively, for 2015. In Europe, the LCC is €0.579-0.590 million (diesel) and €0.658-0.663 million (CNG). The US and Europe LCCs differ most in the price of diesel and natural gas fuels between the two markets. Nonetheless, with a lower natural gas price in the U.S. today, CNG-powered transit buses are competitive with diesel buses on the LCC basis and become an economic choice when accounting for the air quality and health benefits.
It should be noted that health benefits from emission reduction are not limited locally. The output from Clark County, according to CC_D and CC_N, is more than twice those realized within the county. Clark County has also benefited from transit bus upgrades in other regions. This underscores the importance of cooperation among the states and planning at the federal level when undertaking this venture. The major barrier in the transition is the capital expenses, including new CNG buses or retrofits and fueling/maintenance infrastructure, incurred by local transportation agencies. Federal financial assistances can substantially lower the agencies' burden and catalyze the transition [22] . For the fiscal year 2017, the U.S. Department of Transportation (U.S. DOT) announced $26.6 million funding for 11 projects to replace older diesel buses with CNG buses or improve CNG fueling facilities and additional $18.7 million towards even cleaner electric buses as part of the Buses and Bus Facilities Infrastructure Investment Program [23] . However, demand for DOT's assistance to upgrade buses and bus facilities far exceeded available funds. Given the large unrealized health benefits ($0.978-2.48 billion per year according to US_N) associated with transit bus emissions, increasing investment in the DOT's Bus Program to accelerate the transition to cleaner fuels is highly justified.
Uncertainties in our assessment can result from emission inventories and atmospheric transport model used in COBRA, as well as the assumed dose-outcome relationships [13] . Additionally, 
Uncertainties in our assessment can result from emission inventories and atmospheric transport model used in COBRA, as well as the assumed dose-outcome relationships [13] . Additionally, COBRA does not consider other vehicle-related air pollutants, particularly ozone (O 3 ), which also contribute to respiratory illnesses and mortality [24] . Therefore, the potential impacts reported here may be undervalued.
Conclusions
The RTC of Southern Nevada started to switch their public transit buses from diesel-to CNG-powered vehicles in 1999, and as at 2017, more than 75% of its bus fleet were already powered by CNG. For the first time, the health benefits of this venture via reducing PM 2.5 exposure level is assessed with the COBRA model. The benefits, including avoided mortality, respiratory-and cardiovascular-related illnesses and hospitalizations, minor restricted activity days, and work days lost, were valuated at $0.79-8.21 million per year for 2017 alone, with~30% and 70% distributed in-and out-side Clark County, respectively. The wide range of estimates partly reflects uncertainties in diesel bus EFs in case (business-as-usual) RTC has been acquiring new diesel buses instead of CNG buses. Additional benefits of $0.884-2.24 million per year would have been gained if RTC had completed the transition before 2017.
Across the U.S., diesel fuel still powered~60% of VMT from all transit buses (~20% by gasoline) in 2017, suggesting massive unrealized health benefits of $0.978-2.48 billion per year including 114-258 potentially avoided premature deaths from the diesel (or gasoline)-to-CNG switch. The benefits go far beyond states or counties where emission reductions are made. Based on the life cycle cost and health benefits, the CNG-powered bus system is a favorable option in the US today, though the transition from diesel to CNG buses is usually delayed due to capital expenses incurred by local transportation agencies. Increasing the current federal investment to address this barrier is highly justified by the gains in US public health.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1 : Emission factors (g/mile) of diesel, gasoline, and CNG transit buses used in this assessment, Table S2 : Estimated annual health impacts and associated economic costs from the COBRA model, if all CNG transit buses in Clark County, Nevada were replaced with "older" diesel buses in 2017 (CC_D scenario, upper bound), Table S3 : Estimated annual health impacts and associated economic costs from the COBRA model, if all CNG transit buses in Clark County, Nevada were replaced with "newer" diesel buses in 2017 (CC_D scenario, lower bound), Table S4 : Estimated annual health impacts and associated economic costs from the COBRA model, if all diesel transit buses in Clark County, Nevada were replaced with CNG buses in 2017 (CC_N scenario), Table S5 : Estimated annual health impacts and associated economic costs from the COBRA model, if all CNG and gasoline transit buses in the U.S. were replaced with "older" diesel buses in 2017 (US_D scenario, upper bound), Table S6 : Estimated annual health impacts and associated economic costs from the COBRA model, if all CNG and gasoline transit buses in the U.S. were replaced with "newer" diesel buses in 2017 (US_D scenario, lower bound), Table S7 : Estimated annual health impacts and associated economic costs from the COBRA model, if all diesel and gasoline transit buses in the U.S. were replaced with CNG buses in 2017 (US_N scenario), Table S8 : Distribution of health benefits (in $ amount and in ‰) by county under the CC_D and CC_N scenarios, Table S9 : Distribution of health benefits (in $ amount and in ‰) by county under the US_D and US_N scenarios.
